is an energetic material, a nitroaromatic compound, with thermal and chemical stabilities, which is employed in the aerospace industry. In this work, the Arrhenius parameters (activation energy and pre-exponential factor) of thermal decomposition reaction were studied and the results were compared with the values reported in the literature. The Kissinger method, applied to DSC's nonisothermal data of the decomposition temperature was chosen for this study. The activation energy determined for the thermal decomposition of HNS revealed values from 428 kJ.mol -1 to 477 kJ.mol -1 , under the experimental conditions employed.
INTRODUCTION
is a nitroaromatic compound which has high chemical stability, melting point at 318°C and friction and impact sensitivity, 5 Nm and 240 N respectively, (Silva and Iha, 2004) . These are the determinant factors for its use in the manufacture of blasting caps, detonation cords and boosters (Harris and Klassen, 2003; Rogers, 1996) .
Among the main methods to obtain HNS, we can assert that the process starting from 2,4,6-trinitrotoluene (TNT), by different routes, is the most widely used on laboratory-scale (Silva, 2007 ) and industrial too, such as the Shipp's process (Shipp and Spring, 1970) .
The identification of HNS obtained from a process using TNT can be easily performed using infrared spectroscopy by means of the analytical band near 957 cm -1 , deformation by vibration (wedding) of wCH=CHtrans. Other small displacements of bands and changes in the intensity of the bands can also be observed when comparing the HNS and TNT spectra. However, the band near 957 cm -1 is even sufficiently resolved to permit quantitative studies of HNS in the presence of TNT, as described by Silva et al. (2008) .
Different thermal analysis techniques such as Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TG) have been widely used in the study of thermal decomposition of energetic materials. In recent work, Silva, Nakamura and Iha (2008) used DSC to study the kinetics of thermal decomposition of pentaerythritol tetranitrate (PETN), the a polymorph of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) (Silva et al., 2003) and to study the kinetics of transition a→dHMX (Silva and Iha, 2004) . Andrade et al. (2007) used DSC and TG in the study of thermal decomposition of composite solid smokeless propellant. Rocco (2004) studied, also using DSC and TG, the aging of formulations of composite solid propellant based on polyurethane binders used in rockets.
Thermogravimetric analysis can also be applied in quantitative determination of different energetic compounds in explosive compositions, as reported by Silva et al. (2008) in a work that compares results of the quantitative determination of TNT and HNS by TG and Fourier Transform Infrared Spectroscopy (FT-IR). The use of thermal analysis techniques is therefore widespread in the study of energetic materials for both aerospace propulsion systems and as suitable material for the manufacture of military warheads. The knowledge of the thermal behavior of an energetic material is essential to guarantee safety during its production, storage and handling.
In general, the kinetic models developed to study the kinetics of solid materials thermal decomposition are in principle based on consideration of the variation in the mass amount of the material in a time function, or the conversion rate of the sample (da/dt), as it is also called, in a process of decomposition due to a thermal stimulation, which can be expressed by Equation 1: 
A: pre-exponential factor; E a : activation energy; R: universal constant of gases; T: absolute temperature.
Equation 3 can be written in its integral form as Equation 4
:
Replacing the integral of da/f(a) for g(a) and, for a nonisothermic process, considering the temporal variation, f = dT/dt, we have Equation 5:
The Equation 5 was the basis for the development of many models used in the study of thermal kinetic decomposition in solid materials (e.g. Kissinger, Ozawa, Friedman, among others). Since the treatment given to them by Kissinger and Ozawa in the development of their methods was similar, calculating the activation energy by these methods leads to numerical results of the same magnitude.
Kissinger's method was chosen for use in the present study. It consists basically of Equation 6 (Lee, Hsu and Chang, 2002) .
where:
f is the heating rate (K.s -1 ); T p is the Absolute Temperature of the peak in each heating rate (K); A is the pre-exponential factor of Arrhenius (s -1 ); R is the gas constant (8,3145 J.mol -1 .K -1 ); E a is the activation energy of the reaction (J.mol -1 ).
The activation energy may be obtained by means of Differential Scanning Calorimetry data using different heating rates, where displacements occur at the peak of the reaction temperature.
The association of Kissinger's equation with the line's equation (y = mx + b), i.e.: y = ln (f / T P 2 ), m =-E a / R, x = 1/T p , b = ln (AR/T p ) enables the determination of E a 's value, graphically, as a function of ln (f/T P 2 ) versus 1/T p , resulting in a straight line, the slope of which is -E a /R, and the linear coefficient ln(AR/T p ).
Due to the importance of understanding the thermal behavior of explosives handled, this study aimed to determine the Arrhenius parameters (activation energy and pre-exponential factor) for the thermal decomposition reaction of a synthesized HNS sample against another commercial sample, comparing the results with each other and with the values found in literature.
Study of the thermal decomposition of 2,2',4,4',6,6'-hexanitrostilbene
EXPERIMENTAL
The study was conducted with two samples of HNS: a commercial sample, identified as HNS 1 , and a sample produced at the Chemical Laboratory of the Systems of Defense Division (ASD) of the Institute of Aeronautics and Space (IAE) identified as HNS 2 . The HNS 2 sample was produced by a procedure based on Shipp's process (Shipp and Spring, 1970) . Both samples were previously analyzed by High Performance Liquid Chromatography (HPLC) and showed a close to 100% purity level.
Spectrometric characterization was performed on a FT-IR spectrometer Spectrum 2000 PerkinElmer, region from 4000 to 400 cm -1 , resolution of the 4 cm -1 , gain 1 and 40 scans. The samples were analyzed according to the transmission technique, KBr pellets in the proportion 0.8:400 mg.
The DSC analyses were obtained using PERKINELMER (Model DSC-8) equipment. The equipment was calibrated on the heating rates used (f), i.e., 5, 7, 10, 12 and 15ºC/ min, with zinc and indium. The mass of the samples was approximately 1.0 mg. The analyses were performed in a temperature between 50 and 400ºC. The tests were performed under flow of nitrogen gas (40 mL/min) and in atmospheric pressure, i.e., the lids of the DSC pans were perforated in order not to confine the explosive. Figure 1 shows the FT-IR spectra of both samples studied in this work. There is, in the HNS 2 spectrum, the indication of the characteristic band of 957 cm -1 which, as mentioned earlier, is one of the main analytical bands of this compound, wCH=CHtrans. It can be seen in Figure  1 that the spectra are very similar, indicating that it is the same organic compound. The profile of the thermal curves HNS was similar in both samples. Importantly, with all heating rates used in the experiment, both samples started the decomposition process from the molten state, or possibly in a coexistent state of solid and liquid phases for the same material, since in all DSC curves, we observed an endothermic peak around 318ºC, or immediately prior to the decomposition peak of the material. According to the expected behavior for both samples, the DSC data showed that the maximum of the decomposition temperature (T p ) of the material was altered together with the increase in heating rate (f). The data obtained from the DSC curves are presented in Table 1 .
RESULTS AND DISCUSSION

Analysis by FT-IR
Analysis by DSC
The data regarding the DSC curves presented in Table  1 was analyzed by the Kissinger method, Equation 6, in accordance with the methodology shown in the introduction. Figures 4 and 5 show the graphs used to determine the Arrhenius parameters of the thermal decomposition of HNS 1 and HNS 2 , respectively. Lee, Hsu and Chang (2002) studied the decomposition of HNS by DSC technique and heating rates ranging between 5 and 20ºC/min. The peaks of thermal decomposition reported by them ranged between 325 and 343ºC, according to the heating rate used. The activation energy was also determined based on the Kissinger method, and the reported value was 197 kJ.mol -1 .
Comparison between the values reported by Lee, Hsu and Chang (2002) and the data presented in this work shows that the peaks of the decomposition temperature were between 10 and 18ºC higher for the commercial sample (HNS 1 ), and between 16 and 22ºC higher for the synthesized sample (HNS 2 ). In line with such variations, the activation energy was also substantially different, in the order of 231 kJ.mol -1 , HNS 1 , and 280 kJ.mol -1 , HNS 2 . However, the variation of activation energy between the HNS 1 and HNS 2 was approximately 50 kJ.mol -1 .
In previous studies , the activation energy for another energetic material, HMX, was calculated at low Table 2 shows the values of angular coefficients obtained by linear regression of the points (Figures 4 and 5) , the correlation coefficient (R 2 ) for each linear regression, as well as the activation energies values and the preexponential factors calculated.
Study of the thermal decomposition of 2,2 ',4,4',6,6'-hexanitrostilbene heating rates (1, 2, 5, 7, 10ºC/min) and high heating rates (10, 12, 15, 17 and 20 ºC/min). Thus, it was observed that for the same energetic material, with the same particle size, granulometric distribution and crystalline structure (a), it is possible to get a variation of 58 kJ.mol -1 due solely to the heating rates adopted in the experiment. This fact may be justified by a change in the reaction's mechanism of thermal decomposition. Also in that study , it was found that for the same energetic material, a same organic compound -HMX, in different crystalline forms, a and b, the activation energy can show a variation of 133 kJ.mol -1 , even under the same analytical conditions. Silva, Nakamura and Iha (2008) , in another study conducted with PETN, observed that under different crystalline forms or due to the acidity occluded in the crystals of the same energetic material, the activation energy may change at about 12 kJ.mol -1 through the thermal decomposition of the material.
Since the particle size, granulometric distribution or cluster formation can change the heat conduction inside the capsule carrier and in the sample itself (Silva, 2007) , the values of activation energy for samples of HNS 1 and HNS 2 , when compared to each other, were satisfactory, because the samples clearly have different characteristics. HNS 1 presents a fuzzy physical structure while HNS 2 is a crystalline material with irregular granulometric distribution.
The variation of the activation energy in relation to that described in the literature (Lee, Hsu and Chang, 2002 ) may be linked to many factors discussed above (particle size, granulometric distribution, cluster formation, changes in the heating rates used, acidity occluded in crystals, among others).
CONCLUSION
The activation energy determined for the thermal decomposition of HNS following the Kissinger method was, in the experimental conditions used, 428 kJ.mol -1 for HNS 1 and 477 kJ.mol -1 for HNS 2 . It can alter, depending on the physical (particle size, granulometric distribution or clusters formation) or chemical characteristics (acidity occluded in the crystals) in the sample, and depending on the analytical conditions employed, particularly in relation to heating rate used.
Although the values determined are significantly higher than those reported in the literature (Lee, Hsu and Chang 2002) , they were considered satisfactory, since the study was conducted using materials with high levels of purity, the spectrometric characteristics of which were confirmed as HNS and, especially, since the same analytical conditions were used.
